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(57) ABSTRACT 

Method and system for bi-directionally controlling power 
flow between two Separate direct current power Sources in a 
multi-stage power converter System are provided. The 
method allows providing at least first and Second power 
converter Stages coupled in parallel circuit to one another. 
The method further allows providing a first Switching con 
troller coupled to Selectively actuate a pair of Switching 
devices in the first power converter Stage, and a Second 
Switching controller coupled to Selectively actuate a pair of 
Switching devices in the Second power converter Stage. One 
of the first and Second Switching controllers is Selected as a 
master controller, and the other one of the first and Second 
Switching controllers is Selected as a Slave controller. An 
average Voltage measurement is determined at a respective 
node of each the power converter Stages. A compensating 
Signal is generated based on the difference of the average 
Voltage measurements at the respective nodes of each of the 
power converter Stages. The compensating Signal is applied 
to the Slave Switching controller So that the pair of power 
Switching devices coupled to that slave Switching controller 
is Selectively actuated to have a respective on and off duty 
cycle. The duty cycle imparted by the slave controller is 
adjustable in response to the compensating Signal relative to 
the duty cycle imparted by the master controller to the pair 
of power Switching devices coupled thereto in order to avoid 
current imbalance between the power converter Stages. 

21 Claims, 5 Drawing Sheets 

-- 
4DN 4N 

EE T'lf. - E-l 

GATE 
DRIVER 

SUPERWISORY AND 
NTERFACE CIRCUIT 

TEMPERATURE 114 
ENABLE 

MODE SELECT - WAKE UP F. LT 
- VOLTAGE COMMAND 

    

    

    

  

  

  

    

  

  

  

  

  

  



US 6,437,462 B1 Sheet 1 of 5 Aug. 20, 2002 U.S. Patent 

      

  

  

  

  

  





US 6,437,462 B1 Sheet 3 of 5 Aug. 20, 2002 U.S. Patent 

?CO | 

— — — — — | | | 

  

  



U.S. Patent Aug. 20, 2002 Sheet 4 of 5 US 6,437,462 B1 

2O1 
1 O4 N 

D POWER S 
1 2N. \ SWITCH 

GATE D 2O2 
208 DRIVER 2OO 

206 N POWER 
SWITCH 

CURRENT MONITOR S 

254 - 

IS 252 
BODY DODE YES TURN 

FREE- SWITCH 
WHEELING? ON 

2O5 

CURRENT 
FLOW 

REVERSAL?? 

TURN 
SWITCH 
OFF 

FIC. 4 

  

  

  

    

  

  

    

  



US 6,437,462 B1 Sheet 5 of 5 Aug. 20, 2002 U.S. Patent 

- | | | | | | | | 

|- — — — — — — — — — — — — — — — — ——t – – – –] 

-- - - - - - - -m m. - - - - - - - - - - - - - 

  

  

  

  

  

  

  

  



US 6,437,462 B1 
1 

BI-DIRECTIONAL DC/DC CONVERTER AND 
CONTROL METHOD THEREFOR 

BACKGROUND OF THE INVENTION 

The present invention is generally related to control 
techniques for performing power conversion in a multi-stage 
power converter System, and, more particularly, to method 
and system for performing DC/DC power conversion and 
controlling power flow between at least two separate power 
Sources in a multi-stage power converter System. 

Power converter Systems, Such as made up of a plurality 
of power converter Stages connected in parallel and of 
essentially the same design, e.g., having Substantially the 
Same power ratings relative to one another, need to address 
various issues in order to provide cost-effective and reliable 
power conversion. For example, when the power converter 
System Supplies power to a load, due to a variety of factors 
Such as component variation, Switching Speed differences, 
offsets, etc., Some of the converters could carry less of the 
load than others. Such an uneven load distribution among 
the converters is unacceptable. Further, the efficiency of the 
System is decreased because of uneven load distribution. 

Another issue that may detrimentally impact efficient 
operation of power converter Systems connected to Separate 
power Sources that, for example, are designed to operate at 
different Voltage levels relative to one another, would arise 
if Synchronous rectification techniques are not appropriately 
configured for those power conversion applications. Using 
Synchronous rectification techniques, a Switching device, 
such as a FET in parallel with its body diode is turned on 
during a freewheeling period to reduce the Voltage drop and 
improve conversion efficiency. Using Standard Synchronous 
rectification techniques in a power converter connected to 
Separate power Sources can lead to a momentary but unde 
Sirable discharge of the power Sources, if the Switching 
device is not turned off in the event of reversal of current 
flow. 

Another issue that is important in the operation of a power 
converter System, Such as one connected to Separate power 
Sources, deals with reliably and economically protecting the 
System and associated equipment from fault conditions that 
may arise, Such as in the power converter, in the power 
Sources, in the loads or both. For example, when two or more 
power Sources are connected through a DC/DC converter 
without galvanic isolation a means for quickly and auto 
matically isolating the power Sources needs to be provided 
to protect the Sources from faults within the converter, or to 
protect the converter from external faults, for example, due 
to improper reversal of the connections for the Sources. 

Thus, in View of the foregoing discussion, it is desirable 
to provide System and control techniques that allow for 
improved forced current balance in parallel converters. It 
would also be desirable to provide system and control 
techniques that allow for improved Synchronous rectifica 
tion in the power Switching devices. It would be further 
desirable to provide an improved input to output isolation 
and converter protection circuit. 

BRIEF SUMMARY OF THE INVENTION 

Generally, the present invention fulfills the foregoing 
needs by providing in one aspect thereof a method for 
bi-directionally controlling power flow between at least two 
Separate direct current power Sources and loads in a multi 
Stage power converter System. The method allows providing 
at least first and Second power converter Stages coupled in 
parallel circuit to one another. The method further allows 
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2 
providing a first Switching controller coupled to Selectively 
actuate a pair of Switching devices in the first power con 
verter Stage, and a Second Switching controller coupled to 
Selectively actuate a pair of Switching devices in the Second 
power converter Stage. One of the first and Second Switching 
controllerS is Selected as a master controller, and the other 
one of the first and Second Switching controllers is Selected 
as a Slave controller. An average Voltage measurement is 
determined at a respective node of each of the power 
converter Stages. A compensating Signal is generated based 
on the difference of the average Voltage measurements at the 
respective nodes of each of the power converter Stages. The 
compensating Signal is applied to the slave Switching con 
troller So that the pair of power Switching devices coupled to 
that Slave Switching controller is Selectively actuated to have 
a respective on and off duty cycle. The duty cycle imparted 
by the Slave controller is adjustable in response to the 
compensating Signal relative to the duty cycle imparted by 
the master controller to the pair of power Switching devices 
coupled thereto in order to avoid current imbalance between 
the power converter Stages. In other aspects of the invention, 
the method further allows improved techniques for perform 
ing Synchronous rectification in the power Switching 
devices, and providing input/output isolation and protection 
to the power System and/or power Sources under faulty 
conditions. 

The present invention further fulfills the foregoing needs 
by providing in another aspect thereof, a multi-stage power 
converter System for bi-directionally controlling power flow 
between at least two Separate direct current power Sources 
and loads. The power converter System includes at least first 
and Second power converter Stages coupled in parallel 
circuit to one another. The system further includes a first 
Switching controller coupled to Selectively actuate a pair of 
Switching devices in the first power converter Stage and a 
Second Switching controller coupled to Selectively actuate a 
pair of Switching devices in the Second power converter 
Stage. One of the first and Second Switching controllerS is 
Selected as a master controller, and the other one of the first 
and Second Switching controllers is Selected as a Slave 
controller. A feedback controller is configured to avoid 
current imbalance between the power converter Stages by: 

determining an average Voltage measurement at a respec 
tive node of each the power converter Stages, 

generating a compensating Signal based on the difference 
of the average Voltage measurements at the respective 
nodes of each of the power converter Stages, and 

applying the compensating Signal to the slave Switching 
controller So that the pair of power Switching devices 
coupled to that Slave Switching controller is Selectively 
actuated to have a respective on and off duty cycle, the 
duty cycle imparted by the Slave controller being 
adjustable in response to the compensating Signal rela 
tive to the duty cycle imparted by the master controller 
to the pair of power Switching devices coupled thereto, 
thus avoiding current imbalance between the power 
converter Stages. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The features and advantages of the present invention will 
become apparent from the following detailed description of 
the invention when read with the accompanying drawings in 
which: 

FIG. 1 illustrates a Schematic representation of one exem 
plary embodiment of a dual voltage DC/DC converter 
System in accordance with aspects of the present invention. 
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FIG. 2 illustrates a Schematic representation of an exem 
plary feedback controller configured to provide current 
balance in the power converter Stages of the System of FIG. 
1 in accordance with one aspect of the present invention. 

FIG. 3 illustrates another embodiment of the feedback 
controller of FIG. 2. 

FIG. 4 illustrates a Schematic representation of an exem 
plary gate driver configured to perform improved Synchro 
nous rectification techniques in accordance with another 
aspect of the present invention. 

FIG. 5 illustrates a schematic representation of the dual 
voltage DC/DC converter system of FIG. 1 illustrating an 
alternative embodiment for an input/output isolation and 
protection circuit in accordance with Still other aspects of the 
present invention. 

DETAILED DESCRIPTION OF THE 
INVENTION 

General System Description 
FIG. 1 shows one exemplary embodiment of a dual 

voltage DC/DC converter system 10 in accordance with 
aspects of the present invention. Blocks 20 and 30 in FIG. 
1 represent two exemplary power converter Stages of the 
converter System. AS will be appreciated by those skilled in 
the art, each block is a Synchronous converter that can 
convert power bi-directionally. For example, depending on 
the operational State of the System, power conversion can 
take place from a first power Source, e.g., battery 12, 
operating at a relatively higher Voltage to a Second power 
Source, e.g., battery 14, operating at a lower Voltage relative 
to the first power Source. In one exemplary embodiment 
Suitable for a hybrid vehicle application, the first power, 
Source comprises a 42 VDC battery and the second power 
Source comprises a 14 VDC battery. It will be appreciated 
that the techniques of the present invention are not limited 
to either batteries functioning as the power Sources, or to the 
foregoing exemplary Voltages for the power Sources. For 
example, fuel cells or other Sources of electrical power could 
be used in lieu of batteries. Conversely, power conversion 
can occur from the Second power Source to the first power 
Source. Not shown are one or more loads that may be 
connected in parallel to the power Sources. It will be 
understood that the term “power Source' as used herein 
encompasses devices that may be used for generating or 
converting electrical power into other forms of energy. For 
example, a battery may generate electrical power or may 
convert electrical power into a chemical form of energy. 
Thus, the power Source may be a rechargeable device that at 
times may act as a load relative to other power Sources. It 
will be further appreciated that the power converter System 
is not limited to two power converter Stages, Since additional 
Stages can be connected in parallel and could be phase 
shifted with respect to one other using techniques well 
understood by those skilled in the art. 
As further illustrated in FIG. 1, block 40 represents an 

input/output isolation and protection circuit, and block 50 
represents a low-power circuit used for operational control 
of the converter System. Each of the foregoing circuits will 
be described in greater detail below. A current measurement 
device 103 and capacitors 104 and 106 are parts shared in 
common by the converter Stages and conceptually do not 
belong exclusively within any particular Stage. 

The power converter stage represented by block 20 com 
prises a pair of power Switching devices, e.g., field effect 
transistors (FETs) 201 and 202 and their associated gate 
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4 
drivers 204 and 205, respectively. Also shown is an inductor 
203 having one terminal thereof connected to a node 601 and 
its other terminal connected to a node 603. Similarly, the 
power converter Stage represented by block 30 comprises a 
pair of power Switching devices, e.g., FETS 301 and 302 and 
their associated gate drivers 304 and 305, respectively. Also 
shown is an inductor 303 having one terminal thereof 
connected to a node 602, and its other terminal connected to 
node 603. Thus, inductors 203 and 303 are mutually con 
nected to one another at the node 603. 
The input/output isolation and protection circuit repre 

Sented by block 40 comprises a pair of power Switching 
devices, e.g., FETS 101 and 107 and their associated gate 
drivers 102 and 108, respectively. As shown in FIG. 1, the 
respective source terminals of FETs 101 and 107 are serially 
connected to one another at node 604. If optionally desired, 
gate drivers 102 and 108 may be integrated into a common 
gate driver. Further, FETS 101 and 107 could be configured 
with their respective drain terminals Serially connected to 
one another in lieu of their source terminals. It will be 
appreciated that the power Switching devices used in the 
present invention are not limited to Metal Oxide Semicon 
ductor Field Effect Transistor (MOSFET) technology, since 
Insulated Gate Bipolar Transistors (IGBTs), or Bipolar Tran 
sistors (BTS) with suitable diodes could be utilized as well. 
The control circuit represented by block 50 includes a 

Supervisory and interface circuit 115 that performs multiple 
functions, Such as providing electronic control to operate the 
DC/DC converter system in either a step up or a step down 
mode of power conversion; Setting the output Voltage of the 
System; monitoring and controlling the protection circuit; 
and interfacing with external Systems. A Voltage error ampli 
fier 111 receives a signal indicative of the mode of operation 
from the Supervisory and interface circuit 115, and appro 
priate Voltage reference and Voltage feedback signals 
through a Switch 116. The voltage error amplifier 111 
differentially combines the actual output voltage, i.e., the 
Voltage feedback signal, with the commanded output 
Voltage, i.e., the reference Signal, to generate an error Signal 
Supplied to a current error amplifier 112. The current error 
amplifier 112 in turn differentially combines the error signal 
from the voltage amplifier 111 with a feedback current signal 
indicative of the output current to provide the resultant 
Signal to respective Switching controllers, e.g., pulse width 
modulation (PWM) switching controllers 113 and 114. For 
example, PWM controller 113 generates Switching control 
signals FET201 and FET202 respectively applied through 
gate drivers 204 and 205 to the FET pair 201 and 202 in 
power converter stage 20. Similarly, PWM controller 113 
generates Switching control signals FET301 and FET302 
respectively applied through gate drivers 304 and 305 to the 
FET pair 301 and 302 in power converter stage 30. The 
current feedback is obtained from the current sensor 103 via 
a suitable signal conditioner device 109. 

Those skilled in the art will appreciate that the above 
described type of regulation is generally known as average 
current mode regulation. These artisans will also appreciate 
that other types of regulation can be readily Substituted 
without departing from the Scope of the present invention. In 
one exemplary embodiment, PWM controllers 113 and 114 
respectively process the error Signal from the current ampli 
fier relative to a Suitable waveform, e.g., ramp, triangular or 
any other Suitable reference waveform, to provide a respec 
tive Switching Signal that, upon Suitable amplification, is 
applied to the FETs of converter stages 20 and 30 to control 
their on/off duty cycle. Each waveform may be internally 
generated by controllers 113 and 114 and, in one 
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embodiment, has the same frequency relative to one another. 
The waveforms can be generated from a waveform genera 
tor shared in common by each PWM control circuit. As 
Suggested above, the waveforms can be in phase or can be 
phase shifted by a predefined angle relative to one another. 5 
Control techniques for effectively operating Several parallel 
Stages out of phase relative to one another are well estab 
lished and can advantageously provide the benefits of 
reduced ripple and improved efficiency as is well understood 
in the art. 1O 

Improvement for Forcing Current Balance in 
Parallel Converters 

Whenever two or more converter stages of essentially the 
Same design, e.g., Substantially the same power ratings, are 
connected in parallel, Such stages are expected to share 
approximately the same average current. In practice, this 
design goal is difficult to achieve due to component 
variations, Switching Speed differences, offsets, etc. For 
example, referring to FIG. 1, the average current through 
inductor 203 is based on the difference of average voltage 
acroSS the capacitor 106 and the average Voltage at node 
601. The DC resistance of the inductor is generally designed 
to be relatively small in order to provide low power loss. 
Hence a Small change in the average Voltage acroSS inductor 
203 will result in a large change in average current through 
that inductor. With power converter stages 20 and 30 sharing 
a common capacitor Voltage, relatively Small differences in 
the respective duty cycle of the gating Signals Supplied to the 
power Switching devices in stages 20 and 30 could result in 
a large imbalance in the power flow carried by each Stage. 

15 

Traditionally, including a separate current measuring 
device in each power converter Stage and Separating the 
current loops in a manner that forces appropriate current 
Sharing has Somewhat alleviated this issue. The inventors of 
the present invention have recognized, however, that forced 
current Sharing may be efficiently and economically accom 
plished by forcing the average Voltage levels of converter 
stages 20 and 30 at the Switching side of the inductors 203 
and 303 to be substantially identical to one another, i.e., the 
average voltage levels at nodes 601 and 602. In one exem 
plary embodiment, this can be accomplished by modifying 
the PWM signal generated by one of the PWM controllers, 
e.g., PWM controller 114, based on a comparison of the 
average voltage levels at nodes 601 and 602 in FIG.1. More 
specifically, a feedback controller 110 in low-power circuit 
50 processes the voltage signals at nodes 601 and 602 to 
generate a compensating signal for the PWM controller 114. 

35 

40 

45 

FIG. 2 illustrates further details regarding one exemplary 50 
embodiment of the feedback controller 110. As seen in FIG. 
2, the respective AC voltages at nodes 601 and 602 after 
Suitable Signal Scaling are each applied to respective aver 
aging filters 120 and 122 having a bandwidth sufficiently 
low to generate a respective average measurement of the 
voltage level at nodes 601 and 602. As will be recognized by 
those skilled in the art, nodes 601 and 602 represent one 
example of a node Set in the power or control circuit which 
is functionally common to each circuit and which allows for 
comparing average Voltage levels of converter Stages 20 and 
30. See FIG. 3 for an embodiment illustrating another 
exemplary set of nodes 604 and 606 to generate a compen 
sating signal for the PWM controller 114. 
A signal combiner 124 allows for differentially combining 

the respective output signals from filters 120 and 122. A 
noise-reduction filter 126, configured to remove electrical 
noise that may be present in the differentially combined 
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Signal, receives that signal from Subtractor 124. A compen 
Sator circuit 128 receives the output signal from noise filter 
126 to generate the compensating signal applied to the PWM 
controller 114. For example, if the Voltage Signals at nodes 
601 and 602 (or nodes 604 and 606 in FIG. 3) have 
essentially the same value, then the value of the Signal 
applied to the compensator circuit 128 will be essentially 
Zero and no correction signal will be applied to PWM 
controller 114. However, if one of the voltage signals at 
either of nodes 601 or 602 (or node 604 or 606 in FIG. 3) 
has a larger value relative to the Voltage Signal at the other 
node, then an appropriate compensating Signal will be 
generated by the compensator circuit and applied to PWM 
controller 114. For example, if the voltage level at node 602 
is low compared to the voltage level at node 601, then the 
duty cycle of the power switches in converter stage 30 will 
be appropriately increased to bring up the Voltage level at 
node 602 to essentially the same level of node 601. 
Conversely, if the voltage level at node 602 is high com 
pared to the voltage level at node 601, then the duty cycle 
of the power Switches in converter stage 30 will be appro 
priately decreased to bring down the Voltage level at node 
602 to essentially the same level of node 601. It will be 
appreciated that the foregoing technique for forcing the 
current sharing wherein one of the Switching controllers 
(e.g., PWM controller 113) is selected as a master controller, 
and the other switching controller (e.g., PWM controller 
114) is selected as a Slave controller can be readily applied 
to multiple paralleled converters either in phase or out of 
phase and independently of any specific PWM technique. 

Improvement for Synchronous Rectification 
An exemplary technique and circuit for Synchronous 

rectification in accordance with aspects of the present inven 
tion is described in reference to power converter Stage 20, 
which as shown in FIG. 1, comprises gate drivers 204 and 
205 and associated FETs 201 and 202. It will be understood, 
however, that the same technique is equally applicable to 
power converter Stage 30, and any additional converter 
Stages in a power converter System having more than two 
power converter Stages. In the Step down mode of power 
conversion, (e.g., conversion from 42V to 14V) FET 201 
functions as a PWM switch while FET 202 would function, 
at least during Some of the Switching cycle, in a freewheel 
ing condition allowing conduction of current through its 
internally built diode, generally referred to in the art as body 
diode. Under standard rectification techniques, FET 202 
generally remains off Since its body diode could carry 
current (e.g., from source to drain) when FET 201 is 
Switched off. The inventors of the present invention, 
however, have recognized that it is advantageous to turn on 
FET 202 during the freewheeling period to reduce voltage 
drop on FET 202 and improve conversion efficiency. More 
Specifically, the inventors of the present invention recog 
nized that using the traditional approach of Synchronous 
rectification could lead to momentary but undesirable dis 
charge of one of the power Sources. For example, in the Step 
down mode, it could lead to momentarily discharging the 
14V battery if at the end of the freewheeling period, FET 
202 would not be turned off. Since the FET is a 
bi-directional device, it will continue to conduct when the 
freewheeling current decreases to Zero and tries to continue 
in the other direction. In normal operation, this situation 
occurs at low currents only and results in greater ripple and 
in reduced efficiency. To prevent this situation from 
occurring, the method of Synchronous rectification 
employed in this circuit implementation is for the gate driver 
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205 to turn on the FET 202 as long as the current through it 
is in the reverse direction (e.g., from Source to drain). 
Whenever the current in the FET tries to flow in the normal 
direction, (e.g., from drain to Source) the gate driver will 
detect the change in current flow and will turn off FET 202 
allowing the body diode to block current flow. In one 
exemplary embodiment, a circuit branch 206 connected to 
the drain terminal of FET 202 allows gate driver 205 to 
monitor an electrical signal, e.g., Voltage and/or current, 
indicative of the current flow reversal. Gate driver 205 is 
also configured to automatically turn off FET 202 should 
FET 201 fail in a short circuit condition and thus prevent 
Shorting the 42V and 14V power Sources to ground. 

FIG. 4 illustrates exemplary details regarding gate driver 
205, for example. It will be appreciated that the same 
configuration applies to gate drivers 204, 304 and 305. As 
shown in FIG. 4, each gate driver includes a current monitor 
250 connected, for example, to the drain terminal of FET 
202 through circuit branch 206. Decision block 252 allows 
determining whether the FET 202 is freewheeling or not. In 
the event FET 202 is freewheeling, FET 202 is turned on at 
block 254. Conversely, if FET 202 is not freewheeling, then 
FET 202 would be switched off at block 256. If during 
freewheeling, current flow reversal is detected, then FET 
202 will be turned off at block 256. If no current reversal is 
detected, the process for monitoring current continues at 
block 250. It will be appreciated by those skilled in the art, 
that in lieu of monitoring current, one could monitor Voltage 
to achieve essentially the same operational results described 
above for controlling operation of the freewheeling FET. 

In the step up mode of power conversion (e.g., conversion 
from 14V to 42V) FET 202 is operated as a PWM switch 
while FET 201 serves as the freewheeling diode. In essen 
tially the same manner described above, gate driver 204 will 
synchronously turn on and off FET 201 and prevent con 
duction of current in the event reversal in the current flow is 
determined (e.g., determining current flow reversal origi 
nally from Source to drain to the opposite direction, from 
drain to source) in FET 201 allowing its body diode to block 
that current flow. In one exemplary embodiment, a circuit 
branch 208 connected to the drain terminal of FET 2.01 
allows gate driver 204 to monitor an electrical Signal, e.g., 
Voltage and/or current, indicative of the current flow rever 
sal. As suggested above, should FET 202 fail in a short 
circuit condition, in this case gate driver 204 will automati 
cally turn off FET 201 and prevent the power sources from 
Shorting to ground. 

Improvement for Input/Output Isolation and 
Converter Protection 

When two power sources are connected through a DC/DC 
converter without galvanic isolation a means of isolating the 
two Sources needs to be provided to protect the Sources from 
faults within the converter and to protect the converter from 
external faults, for example, improper reversal of the con 
nections for the batteries. In FIG. 1, block 40 represents one 
exemplary embodiment of the input/output isolation and 
protection circuit, and in FIG. 5, blocks 42 and 44 represent 
an alternative embodiment for the isolation and protection 
circuit. In each embodiment, this circuit utilizes a Series 
combination of power Switches configured to prevent power 
flow through the converter when turned off. For example, 
FETS 101 and 107 comprise the series switches that are 
controlled by gate drivers 102 and 108, respectively. It will 
be appreciated that in one exemplary embodiment, gate 
drivers 102 and 108 in FIG. 1 may be integrated in a 
common gate driver. The gate drivers are configured to 
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8 
monitor and control a Set of electrical parameters indicative 
of faulty conditions that would be harmful to the two power 
Sources, the converter, or both. In one exemplary 
embodiment, the gate driverS respectively monitor the cur 
rent flow through and the voltages across FETs 101 and 107 
in order to prevent excessive power flow, over and under 
Voltages, and reverse polarities from being applied to the 
two power Sources through the converter. This circuit in 
conjunction with the Synchronous control circuit will auto 
matically isolate the power Sources from any Single point 
converter failure. The circuit can be utilized in its active 
mode for bi-directional charge control and ripple reduction 
by Selectively varying the impedance of the Switches. Those 
skilled in the art will recognize that by Splitting the input/ 
output isolation and protection circuit into two Separate 
circuit Stages, wherein, as shown in FIG. 2, one of the circuit 
Stages, is directly connected to one of the power Sources, 
e.g., the circuit stage represented by block 42 is connected 
to battery 14, and the other of the circuit Stages is connected 
to the other power Source, e.g., the circuit Stage represented 
by block 44 is connected to battery 12, the isolation and 
protection circuit provides independent polarity reversal 
protection to both power Sources. It will be appreciated that 
another configuration for the isolation and protection circuit 
would be to provide the Single circuit Stage represented by 
block 40 in FIG. 1 connected to the relatively high voltage 
power Source in lieu of the low Voltage power Source. It will 
be appreciated that the designer has the flexibility to choose 
whichever circuit configuration meets the Specific require 
ments of any given application. 
The present invention can be embodied in the form of 

computer-implemented processes and apparatus for practic 
ing those processes. The present invention can also be 
embodied in the form of computer program code containing 
computer-readable instructions embodied in tangible media, 
such as floppy diskettes, CD-ROMs, hard drives, or any 
other computer-readable Storage medium, wherein, when the 
computer program code is loaded into and executed by a 
computer, the computer becomes an apparatus for practicing 
the invention. The present invention can also be embodied in 
the form of computer program code, for example, whether 
Stored in a Storage medium, loaded into and/or executed by 
a computer, or transmitted over Some transmission medium, 
Such as over electrical wiring or cabling, through fiber 
optics, or via electromagnetic radiation, wherein, when the 
computer program code is loaded into and executed by a 
computer, the computer becomes an apparatus for practicing 
the invention. When implemented on a general-purpose 
computer, the computer program code Segments configure 
the computer to create Specific logic circuits or processing 
modules. 
While the preferred embodiments of the present invention 

have been shown and described herein, it will be obvious 
that Such embodiments are provided by way of example 
only. Numerous variations, changes and Substitutions will 
occur to those of skill in the art without departing from the 
invention herein. Accordingly, it is intended that the inven 
tion be limited only by the Spirit and Scope of the appended 
claims. 
What is claimed is: 
1. A method for bi-directionally controlling power flow 

between at least two separate direct current power Sources in 
a multi-stage power converter System, the method compris 
ing: 

providing at least first and Second power converter Stages 
coupled in parallel circuit to one another; 

providing a first Switching controller coupled to Selec 
tively actuate a pair of Switching devices in the first 
power converter Stage; 
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providing a Second Switching controller coupled to Selec 
tively actuate a pair of Switching devices in the Second 
power converter Stage, with one of the first and Second 
Switching controllerS Selected as a master controller, 
and the other one of the first and Second Switching 
controllerS Selected as a slave controller; 

determining an average Voltage measurement at a respec 
tive node of each the power converter Stages, 

generating a compensating Signal based on the difference 
of the average Voltage measurements at the respective 
nodes of each of the power converter Stages, and 

applying the compensating Signal to the Slave Switching 
controller So that the pair of power Switching devices 
coupled to that Slave Switching controller is Selectively 
actuated to have a respective on and off duty cycle, the 
duty cycle imparted by the Slave controller being 
adjustable in response to the compensating Signal rela 
tive to the duty cycle imparted by the master controller 
to the pair of power Switching devices coupled thereto 
to avoid current imbalance between the power con 
verter Stages. 

2. The method of claim 1 wherein the first and second 
Switching controllers comprise respective pulse-width 
modulation controllers. 

3. The method of claim 2 wherein determining the aver 
age Voltage measurement at each respective node of the 
power converter Stages comprises coupling a respective 
averaging filter to receive a Voltage Signal from each respec 
tive node. 

4. The method of claim 3 wherein generating the com 
pensating Signal comprises differentially combining the out 
put signal from each averaging filter to Supply a resultant 
Signal, and applying the resultant Signal to a compensating 
circuit configured to generate the compensating Signal based 
on the magnitude and polarity of the resultant Signal. 

5. The method of claim 1 wherein one of the power 
Sources comprises a power Source configured to Supply a 
higher Voltage relative to the other power Source. 

6. The method of claim 5 wherein one of the power 
Switching devices in each power converter Stage is config 
ured to operate in a first mode of power conversion in 
pulse-width modulation Switching condition, and the other 
one of the power Switching devices is configured to operate, 
at least part of the time, in a freewheeling condition, and 
wherein in a Second power conversion mode the one power 
Switching device is configured to operate, at least part of the 
time, in the freewheeling condition, and the other power 
Switching device is configured to operate in the pulse-width 
modulation Switching condition. 

7. The method of claim 6 wherein the first mode of power 
conversion comprises a step-up mode of power conversion, 
and the Second mode of power conversion comprises a 
Step-down mode of power conversion. 

8. The method of claim 7 further comprising monitoring 
a predefined electrical parameter indicative of current pass 
ing in a first direction through the freewheeling device and 
Setting that device to an on-state during the freewheeling 
condition, and to an off-State when current flow reversal 
relative to that first direction is determined for that Switching 
device. 

9. The method of claim 1 further comprising coupling to 
at least one of the power Sources a circuit comprising a pair 
of power Switching devices connected in Series circuit and 
configured to bi-directionally isolate and protect the con 
verter and/or power Source under predefined fault condi 
tions. 

10. The method of claim 1 further comprising coupling to 
each of the power Sources a circuit comprising a respective 
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10 
power Switching device configured to bi-directionally iso 
late and protect the converter and/or power Sources under 
predefined fault conditions. 

11. A multi-stage power converter System for 
bi-directionally controlling power flow between at least two 
Separate direct current power Sources, the power converter 
System comprising: 

at least first and Second power converter Stages coupled in 
parallel circuit to one another; 

a first Switching controller coupled to Selectively actuate 
a pair of Switching devices in the first power converter 
Stage, 

a Second Switching controller coupled to Selectively actu 
ate a pair of Switching devices in the Second power 
converter Stage, with one of the first and Second Switch 
ing controllerS Selected as a master controller, and the 
other one of the first and Second Switching controllers 
Selected as a Slave controller; 

a feedback controller configured to avoid current imbal 
ance between the power converter Stages by: 
determining an average Voltage measurement at a 

respective node of each the power converter Stages, 
generating a compensating Signal based on the differ 

ence of the average Voltage measurements at the 
respective nodes of each of the power converter 
Stages, and 

applying the compensating Signal to the slave Switch 
ing controller So that the pair of power Switching 
devices coupled to that Slave Switching controller is 
Selectively actuated to have a respective on and off 
duty cycle, the duty cycle imparted by the Slave 
controller being adjustable in response to the com 
pensating Signal relative to the duty cycle imparted 
by the master controller to the pair of power Switch 
ing devices coupled thereto, thus avoiding current 
imbalance between the power converter Stages. 

12. The power converter system of claim 11 wherein the 
first and Second Switching controllers comprise respective 
pulse-width modulation controllers. 

13. The power converter system of claim 12 further 
comprising a respective averaging filter coupled to receive a 
Voltage Signal from each respective node, each filter con 
figured to determine the average Voltage measurement at 
each respective node of the power converter Stages. 

14. The power converter system of claim 13 further 
comprising a signal combiner configured to differentially 
combine the output signal from each averaging filter to 
Supply a resultant Signal, the Signal combiner coupled to 
apply the resultant Signal to a compensating circuit config 
ured to generate the compensating Signal based on the 
magnitude and polarity of the resultant Signal. 

15. The power converter system of claim 11 wherein one 
of the power Sources comprises a power Source configured 
to Supply a higher Voltage relative to the other power Source. 

16. The power converter system of claim 15 wherein one 
of the power Switching devices in each power converter 
Stage is configured to operate in a first mode of power 
conversion in pulse-width modulation Switching condition, 
and the other one of the power Switching devices is config 
ured to operate, at least part of the time, in a freewheeling 
condition, and wherein in a Second power conversion mode 
the one power Switching device is configured to operate, at 
least part of the time, in the freewheeling condition, and the 
other power Switching device is configured to operate in the 
pulse-width modulation Switching condition. 

17. The power converter system of claim 16 wherein the 
first mode of power conversion comprises a step-up mode of 
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power conversion, and the Second node of power conversion 
comprises a step-down mode of power conversion. 

18. The power converter system of claim 17 further 
comprising a circuit configured to monitor a predefined 
electrical parameter indicative of current passing in a first 
direction through the freewheeling device, the circuit further 
configured to Set that device to an on-state during the 
freewheeling condition, and to an off-State when current 
flow reversal relative to that first direction is determined for 
that Switching device. 

19. The power converter system of claim 11 further 
comprising a circuit coupled to at least one of the power 
Sources and including a pair of power Switching devices 
connected in Series circuit and configured to bi-directionally 
isolate and protect the converter and/or power Source under 
predefined fault conditions. 

20. The power converter system of claim 11 further 
comprising a circuit having respective circuit Stages coupled 
to a respective one of the power Sources, each circuit stage 
including a respective power Switching device and, in 
combination, configured to bi-directionally isolate and pro 
tect the converter and/or power Sources under predefined 
fault conditions. 

21. A multi-stage power converter System for 
bi-directionally controlling power flow between at least two 
Separate direct current power Sources, the power converter 
System comprising: 

at least first and Second power converter Stages coupled in 
parallel circuit to one another; 

a first Switching controller coupled to Selectively actuate 
a pair of Switching devices in the first power converter 
Stage, 
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a Second Switching controller coupled to Selectively actu 

ate a pair of Switching devices in the Second power 
converter Stage, with one of the first and Second Switch 
ing controllerS Selected as a master controller, and the 
other one of the first and Second Switching controllers 
Selected as a Slave controller; 

a feedback controller configured to avoid current imbal 
ance between the power converter Stages, the feedback 
controller comprising: 
a circuit configured to determine an average Voltage 
measurement at a respective node of each the power 
converter Stages, 

a compensator configured to generate a compensating 
Signal based on the difference of the average Voltage 
measurements at the respective nodes of each of the 
power converter Stages, the compensator being 
coupled to the slave Switching controller to Supply 
the compensating Signal thereto So that the pair of 
power Switching devices coupled to that Slave 
Switching controller is Selectively actuated to have a 
respective on and off duty cycle, the duty cycle 
imparted by the Slave controller being adjustable in 
response to the compensating Signal relative to the 
duty cycle imparted by the master controller to the 
pair of power Switching devices coupled thereto, 
thus avoiding current imbalance between the power 
converter Stages. 


